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Abstract 
 
Purpose: To explore the usability and normal T1rho value of liver parenchyma with a 
novel single breathhold black blood single shot fast spin echo acquisition based liver 
imaging sequence. 
Materials and Methods: The institutional Ethics Committee approved this study. In total 
 
19 health subjects (10 males, 9 females; mean age: 37.4 yrs; range: 23-54 yrs) 
participated in the study. 11 subjects had liver scanned twice in the same session to 
access scan-rescan repeatability. 12 subjects had liver scanned twice in two sessions 
with 7-10 days' interval to access scan-rescan reproducibility. MR was performed with a 
3.0 T scanner with dual transmitter. The MR sequence allows simultaneous acquisition 
of 4 spin lock times (TSLs: 0msec, 10 msec, 30 msec, 50msec) in 10 second, and the spin- 
lock frequency was 500Hz. Inherent black blood effect of fast spin echo and double 
inversion recovery were utilized to achieve blood signal suppression. Three axial slices 
were obtained with a resolution of 1.5 × 1.5 × 6.00 mm3. Region-of-interest method was 
used to measure liver T1 rho value. 
Results: The technique demonstrated good image quality and minimal artifacts. For liver 
parenchyma, Bland-Altman plot showed the scan-rescan repeatability mean difference 
was 0.025 msec (95% limits of agreement: -1.163 to 1.213 msec), and intraclass 
correlation coefficient (ICC) was 0.977. The scan-rescan reproducibility mean difference 
was -0.075 msec (95% limits of agreement: -3.280 to 3.310 msec), and ICC was 0.820 
which  is better than the ICC of 0.764 of a previous bright blood multi-breath hold 
gradient echo acquisition technique. The liver T1rho value was 39.9 ± 2.4 msec (range: 
36.1 - 44.2 msec), which is lower than the value of 42.8±2.1 msec acquired with the 
 
previous bright blood technique. 
 
Conclusion: This study validated the application of a single breathhold black blood single 
shot fast spin echo acquisition based for human liver T1rho imaging. The lower liver
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parenchyma T1rho value and higher scan rescan reproducibility may improve of the 
sensitivity of this technique. 
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Introduction 
 
 
 
Chronic liver disease is a major public health problem worldwide. Hepatitis virus is the 
most common blood-borne infection in USA and worldwide [1,2]. Chronic viral hepatitis 
can lead to hepatic fibrosis, cirrhosis and hepatocellular carcinoma and is the leading 
cause of liver transplantation nationwide [3]. The epidemic trend of chronic liver disease 
is expected to increase owing to an aging population, the growing epidemic of obesity 
and non-alcoholic steatohepatitis. To date, noninvasive diagnostic tests available from 
clinical practice are not sensitive or specific enough to detect liver injury at early stages 
[4]. Liver biopsy remains the standard of reference for the diagnosis and staging of liver 
fibrosis. However, it is an invasive procedure with potential complications [5]. Histologic 
assessment of fibrosis is also an inherently subjective process and subject to sampling 
variability [6]. A noninvasive and quantitative technique for assessing liver fibrosis and 
monitoring disease progression or therapeutic intervention is highly desirable. 
 
 
 
Compared with molecular imaging based on injectable agents, MR based molecular 
imaging techniques have the major advantage that the regulatory hurdle is much less [6- 
18]. T1rho (T1ρ) is the relaxation rate constant of transverse magnetization for the 
duration of the spin-lock radiofrequency (RF) pulse. In magnetic resonance T1rho 
imaging, the equilibrium magnetization (M0) is rotated into the transverse plane first. 
This magnetization in the transverse plane relaxes as normal free induction decay in the 
presence  of  a  weaker  on-resonant  continuous wave  radiofrequency  called  spin-lock 
pulse.  It is sensitive to both static processes and low-frequency motional processes, so 
it can be used to detect macromolecular compositions and proton exchange in various 
tissues [19, 20]. Wang et al and Zhao et al described the usefulness of T1rho MR imaging 
for assessment in rat liver fibrosis models, suggesting the increase T1rho value is 
associated with collagen deposition in the liver fibrosis models but less so with 
inflammatory edema [21,22]. Studies in human subjects, both in healthy volunteers and 
liver fibrosis patients, were soon followed [23-31]. With a two-dimensional fast-field
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echo sequence, Deng et al and Zhao et al reported the mean T1rho value to be 42.8±2.1 
msec (B0=3T, B1=500Hz) in healthy volunteers [23-25]. This value was further confirmed 
by Allkemper et al [27] with a respiratory-gated 3D fast-field echo sequence [B0=1.5T, 
B1=500Hz]. Allkemper et al further reported that liver T1rho values did not correlate 
with necroinflammatory activity, degree of steatosis or presence of iron load, but it was 
significantly associated with the Child-Pugh staging of the patients. In patients with 
chronic liver diseases,  Takayama  et  al  [30]  demonstrated  liver  T1rho  values  showed 
significant positive correlations with the serum levels of total bilirubin, direct bilirubin, 
and indocyanine green (ICG-R15) , and significant negative correlations with the serum 
levels of albumin and γ-glutamyl transpeptidase. 
 
 
 
Most of these previous reported methods were implemented with multiple breath- 
holds or  respiratory gating,  which  is difficult to prevent small motion displacement 
between images acquired at different spin lock duration times (TSLs). These studies 
were also based on fast gradient echo acquisitions without suppression of blood signal, 
while blood vessels may contribute to elevating T1rho measurement for normal 
parenchyma [27, 29]. The presence of bright blood signal also increases sensitivity of 
T1rho quantification to motion; while as discussed in literatures [29], even minor spatial 
misregistration between images acquired with different TSL can lead to artificially 
elevated T1rho measurement for liver parenchyma. More recently Singh et al [31] 
proposed a pulse sequence enabling acquisition of single slice 2D T1rho MR imaging 
with four different TSLs in a single breath-hold of 12 second, and a small cohort study 
demonstrated the potential of detecting early stage liver fibrosis in patients. However, 
the longest TSL used in that study was 30 ms; therefore lower than the expected normal 
liver tissue T1rho value. Yang et al [32] reported the choice of MR sequences can impact 
the T1rho value of normal liver parenchyma. Additionally, despite the difference of the 
mean liver T1rho values between the healthy volunteers and cirrhosis patients was 
statistically significant for the sequences they tested, namely, multi-slice and 3- 
dimentional sequence with a block RF pulse used for spin locking or a stretched type
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adiabatic pulse used spin-locking; there was substantial over-lap with higher-end value 
of healthy livers and lower-end value of cirrhotic livers. 
 
 
 
Chen et al recently proposed a 2D black blood T1rho MR Relaxometry technique for liver 
imaging  [33].  Black  blood  effect  of  2D  Fast  Spin  Echo  (FSE)  sequence  and  double 
inversion recovery (DIR) were utilized to achieve blood signal suppression. The current 
study describes the application of this technique on healthy volunteers. With reference 
to previously acquired data using a 2D bright blood gradient echo based sequence [23, 
24], the following aspects were evaluated,  1) tolerability (i.e. comfortability) of this 
sequence for volunteers, 2) imaging quality and potential artifacts of images acquired 
with this sequence, 3) imaging repeatability and reproducibility of this sequence, and 4) 
the range and mean of normal liver parenchyma T1rho value. 
 
 
 
Materials and Methods 
 
 
 
The volunteer study was conducted with the approval of the Institutional ethics 
committee.  The volunteers provided informed consent. In total 19 healthy subjects (10 
males, 9 females; mean age: 37.4 yrs; range: 23-54 yrs) participated in the study. 12 
subjects had liver T1rho scanned twice in the same session to assess scan-rescan 
repeatability. 12 subjects had T1rho scanned twice in two sessions with 7-10 days’ 
interval to assess scan-rescan reproducibility (table 1). The selection of subjects to 
undergo repeated scans was chosen based on the availability of the subjects to 
participate. Data were collected from a Philips Achieva TX 3.0 T scanner equipped with 
dual  transmit  (Philips  Healthcare,  Best,  the  Netherlands).  A  32  channel  cardiac  coil 
(Invivo Corp, Gainesville, USA) was used as receiver and body coil was used as transmit. 
RF shimming was applied to reduce B1 inhomogeneity. The subjects were scanned in 
supine position. 2D axial images were acquired with phase encoding along anterior- 
posterior direction.
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The pulse sequence scheme used in this study has been described in [33]. A RF pulse 
cluster   that   can   achieve   simultaneous   compensation   of   B1   RF   and   B0   field 
inhomogeneity was used for T1rho preparation. The combination of double inversion 
recovery (DIR) and 2D Fast spin Echo (2DFSE) was used to achieve black blood effect [34, 
35]. The parameters for MR imaging included: TR/TE 2,500/15 ms, in-plane resolution 
 
1.5 mm × 1.5 mm, slice thickness 6 mm, SENSE acceleration factor 2, half scan factor 
(partial Fourier) 0.6, number of signal averaging 1, delay time for SPAIR 250 ms, delay 
time for DIR 720 ms,  spin-lock frequency 500Hz.  Images with four spin-lock times 01, 
10, 30, 50msec were acquired [24, 36]. The entire single slice T1rho data sets with the 
four spinlock time were acquired within a single breathhold of 10 seconds. Three slices 
were acquired for each examination. 
 
 
 
Breath-hold was trained for the volunteers before the scan started. We found that it is 
more likely that the diaphragm and liver position would shift if we ask the volunteers to 
hold their breath after full end-inspiration or full end-expiration, we chose therefore to 
ask volunteer to hold their breath during usual-depth breathing. In addition, a time 
delay was allowed between the scan operator to give ‘hold-breath’ instruction and to 
push the MR data acquisition start button, so that the volunteers had time to react to 
the ‘hold-breath’ instruction. The respiration-gating balloon was placed on the top of 
the volunteers’ upper abdomen, and the quality of the ‘hold-breath’ was monitored on 
the respiration-triggering screen on the MR console. 
 
 
 
All images were processed using Matlab R2015a (Mathworks, USA). T1rho maps were 
computed by using a mono-exponential decay model, as described by the following 
equation:  M (TSL) = A · exp (- TSL/T1 rho), where A is a constant scaling factor and TSL is 
the  time  of  spin-lock.  Non-linear  least  square  fit  with  the  Levenberg-Marquardt 
algorithm was applied. Maps of coefficient of determination (R2) were also generated 
for  the  evaluation  of  goodness  of  fit.  Only  T1rho  values  for  pixels  associated  with 
R2>0.80 were included in the subsequent region of interest (ROI) placement and T1rho
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analysis to eliminate the unreliable poorly fitted T1rho values due to artefacts [23]. With 
reference to T1rho image at TSL of 01msec and T1rho map, region-of-interest (ROI) 
measurement of liver T1 rho value were performed. Four to six ROIs were placed on 
each axial section of the liver parenchymal region, avoiding potential artifacts as well as 
potential high value residual vessel signal. A total of approximately 15 ROIs were 
obtained for each liver, and the mean value of these 15 ROIs was regarded as the value 
of the liver’s T1rho. For reference, T1rho value of bilateral erector spinae muscle was 
also measured, with one ROI placed on each side.  This ROI based approach has been 
well established in our laboratory, with an ICC for inter-reader measurement 
reproducibility of 0.955 [23]. Additionally, our previous study demonstrated there was 
no difference in ROI-based approach and whole liver histogram-based approach [25]. 
Therefore the intra- or inter- reader reproducibility was not further investigated in this 
study. 
 
 
 
For repeatability, repeated scans in the first exanimation were used for Bland-Altman 
plot and intraclass correlation coefficient (ICC) analysis (n= 11 subjects). For 
reproducibility, there were four subjects being scanned three times; the first scan and 
the second scan were used for Bland-Altman plot and ICC analysis (n= 12 subjects). 
According  to  Fleiss  [36],  an  ICC  value  of  <0.4  represents  poor  agreement,  a  value 
of >0.75 represents good agreement and a value between 0.4 and 0.75 represents fair 
to moderate agreement. 
 
 
 
The results obtained  from this study were compared with  previously acquired liver 
T1rho MR data using a 2D bright blood gradient echo based sequence [23, 24]. For this 
purpose, T1rho map image quality comparison was performed on the T1rho maps from 
this study and our previous studies [23, 24, raw data available upon request]. Mean 
scores for all slices in an examination were used as the visual score for T1rho maps, 
being categorized as: 1), poor, 2), fair, 3), good and 4), excellent [32]. Artifacts in the 
images were recorded as: 1): non-existing (no artifact exist on T1rho map), 2) very mild
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(small areas of mild artifacts and does not affect T1rho quantification), 3) acceptable 
(artifacts apparently notable, but not in the liver, or sufficient area of liver parenchyma 
were artifact-free, and artifact can be avoided by placing suitable ROIs), and 4) non- 
acceptable artifacts for liver T1rho quantification. These scorings were achieved by 
consensus reading of two readers. 
 
 
 
Results 
 
 
 
All subjects were able to collaborate with scans and the 10sec breath-hold very well. 
Only  one  subject’  initial  image  showed  motion  artifacts  and  the  artifacts  were 
recognised during the examination and consequentially repeat scan was successfully 
obtained. Typical T1rho MR Images of healthy volunteer normal liver are shown in Fig 1. 
It can be seen fat signal and large vessel are satisfactorily suppressed. Single breath-hold 
T1rho mapping technique demonstrated good image quality and minimal artifacts Fig 2. 
The visual image quality score was 2.58±0.46 and 2.04±0.33 for the new sequence and 
previous  sequence  [23,  24]  respectively  (Fig  2A,  p=0.002),  and  artifacts  grades  was 
2.44±0.43  and  3.00±0.300  for  the  new  sequence  and  previous  sequence  [23,  24] 
 
respectively (Fig 2B, p=0.001). Only 
 
 
 
For liver parenchyma, Bland-Altman plot showed the scan-rescan repeatability mean 
difference was 0.025 msec with 95% limits of agreement of -1.163msec to 1.213 msec 
[Fig 3A], the associated ICC was 0.977. The scan-rescan reproducibility mean difference 
was -0.075 msec with 95% limits of agreement of -3.280 msec to 3.310 msec [Fig 3B], 
the associated ICC was 0.820. Thus, the scan-rescan reproducibility ICC in study is better 
than the ICC of 0.764 previously reported [23]. The physiological liver T1rho value was 
39.9 ± 2.4 msec (range: 36.1-44.2 msec), which is consistent with expectation as bright 
 
blood techniques had reported measured liver T1rho value being around 42.8±2.1 msec 
 
[23, 24].
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The erector spinae muscle T1rho was 32.0±1.7 msec (range: 28.5-36.2 msec, 
supplementary table 1). The association between liver parenchyma T1rho measurement 
and back muscle T1rho measurement was not significant (Fig 4, p=0.763). 
 
 
 
Discussion 
 
 
 
Both animal experiments and clinical studies have revealed that liver fibrosis, even early 
cirrhosis, is reversible, treatment with combined therapies on underline etiology and 
fibrosis simultaneously might expedite the regression of liver fibrosis and promote liver 
regeneration [39-40]. Earlier stage liver fibrosis is more amenable to therapeutic 
intervention. Even when the underline etiology of liver fibrosis could not be eradicated, 
therapies on liver fibrosis might help restrict the disease progression to cirrhosis [39]. 
Therefore early detection of liver fibrosis and treatment monitoring is of paramount 
importance. 
 
 
 
In this study we studied a pulse sequence for quantitative T1rho imaging of liver based 
on single shot fast/turbo spin echo (SSFSE/SSTSE) acquisition [33]. The sequence in this 
study was implemented such that data sets with 4 TSL can be acquired within one single 
scan, which reduces its susceptibility to motion displacement occurred at different TSL 
[27, 29, 33]. Fast spin echo acquisition in combination with double inversion recovery 
allows blood  suppression [33, 41, 42]. T1rho-prepapration is susceptible to the off- 
resonance effect, and therefore it is desirable to suppress fat signal. SPectral Attenuated 
Inversion Recovery (SPAIR) was used in the pulse sequence which applies a 180 degree 
adiabatic inversion pulse tune to the fat resonance. The time delay of SPAIR was chosen 
such that fat signal is zero at the beginning of T1rho-prepapration. Recently Singh et al. 
[31] reported a single slice acquisition with a breath-hold of 12 seconds at 1.5 T. 
However, the maximum TSL is limited to 30 ms in their study. Higher field strength can 
impose further restriction on the maximum duration of the spinlock  radiofrequency 
pulse.  However,  parallel  transmit  provides  reduced  specific  absorption  rate  (SAR)
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compared to conventional transmit. Our scanner is configured with dual-transmit and 
the SAR of our pulse sequence is within the US Food and Drug Administration limit 
under this configuration. 
 
 
 
SSFSE is a standard clinical sequence for anatomical assessment of liver.  It is feasible to 
tune  the  refocusing  flip  angle  and  the  echo  time  in  the  proposed  pulse  sequence 
without altering mono-exponential relaxation model for T1rho quantification [33]. 
Desired image contrast can be obtained by tuning refocusing flip angle and echo time. 
Therefore, the proposed pulse sequence potentially can be used for simultaneous 
anatomical and biochemical (T1rho) assessment of liver, which may facilitate its 
incorporation into clinical protocol. 
 
 
 
In this study, all 19 volunteers tolerate the breath hold well (=10 sec), and good quality 
T1rho maps were obtained with vessel signal well suppressed. Good scan-rescan 
reproducibility and repeatability was demonstrated. Despite 6 spin lock times was used 
in our previous studies [23, 24], the new sequence used in this study provided better 
T1rho map image quality, less artifacts, and higher scan rescan reproducibility (such as 
ICC improved from 0.764 to 0.820), and scan rescan repeatability in the same session 
was as high as 0.977. Note the visual image quality score of 2.58±0.46 and artifacts 
grades of 2.44±0.43 for T1rho reflect the high standard we placed for image quality 
assessment. The artifacts in the images acquired with the new sequence were mostly 
due to the pulsing of the aorta, and did not affect T1rho measurement of liver (Fig 1). 
The physiological T1rho value of liver parenchyma was measured to be 39.9 ± 2.4 msec 
in this study, which was lower than the value (42.8±2.1msec) obtained in reference 23 
and 24 where no black-blood technique was applied. This new sequence mitigates 
potential quantification errors in liver due to motion in previous methods and therefore 
improves the robustness of T1rho imaging of liver. It is expected that lower physiological 
T1rho value measurement will increase the diagnostic confidence for liver fibrosis 
evaluation.  In  addition,  the  preliminary  results  of  no  association  between  liver
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parenchyma T1rho  value and back muscle T1rho value  may suggest  there were no 
systemic upper-wards or down-wards measurements observed in this study. 
 
 
 
To further improve this black blood T1rho relaxometry sequence, additional techniques 
can be incorporated, including more robust measurement [43-46] and faster data 
sampling and reconstruction [47, 48]. These techniques are being explored in our 
laboratory.  Along  with  technical  improvements,  integrated  liver  multi-parametric 
imaging will likely improve the sensitivity and specificity for early stage liver fibrosis 
characterization, or a combination of MR readout and serum fibrosis markers and the 
use of decision trees, such as Bayesian prediction, will allow high validity for a diagnostic 
approach. 
 
 
 
In  conclusion,  this  study  validated  the  application  of  black  blood  T1rho  imaging  in 
healthy subjects. The black blood effect together with a multiple spin lock times in a 
single breathhold acquisition helps to mitigate potential quantification errors in liver 
due to motion in previous methods, and therefore improves the measurement precision 
of T1rho imaging of liver with increased scan rescan reproducibility. 
 
 
 
 
 
References: 
 
1.  Wanich N, Vilaichone RK, Chotivitayatarakorn P, Siramolpiwat S. High Prevalence of 
Hepatocellular Carcinoma in Patients with Chronic Hepatitis B Infection  in Thailand. 
Asian Pac J Cancer Prev. 2016;17:2857-60. 
2. Chak E, Talal AH, Sherman KE, Schiff ER, Saab S. Hepatitis C virus infection in USA: an 
estimate of true prevalence. Liver Int. 2011;31(8):1090-101. 
3. Weiskirchen R, Tacke F. Liver Fibrosis: From Pathogenesis to Novel Therapies. Dig Dis. 
 
2016;34(4):410-22.
13  
 
 
4. Patel K, Shackel NA. Current status of fibrosis markers. Curr Opin Gastroenterol 2014; 
 
30: 253–9. 
 
5. Janes CH, Lindor KD. Outcome of patients hospitalized for complications after 
outpatient liver biopsy. Ann Intern Med 1993;118: 96–98. 
6. Bravo AA, Sheth SG, Chopra S. Liver biopsy. N Engl J Med 2001;344: 495–500 
 
5. Redfield AG. Nuclear magnetic resonance saturation and rotary saturation in solids. 
 
Phys Rev 1955; 98:1787. 
 
6. Haris M, Yadav SK, Rizwan A, Singh A, Wang E, Hariharan H, Reddy R, Marincola FM. 
Molecular magnetic resonance imaging in cancer. J Transl Med. 2015 Sep 23;13:313. 
7.  Besa  C,  Ward  S,  Cui  Y,  Jajamovich  G,  Kim  M,  Taouli  B.  Neuroendocrine  liver 
 
metastases: Value of apparent diffusion coefficient and enhancement ratios for 
characterization of histopathologic grade. J Magn Reson Imaging 2016 May 26. doi: 
10.1002/jmri.25320. 
 
8. Iima M, Le Bihan D. Clinical Intravoxel Incoherent Motion and Diffusion MR Imaging: 
Past, Present, and Future. Radiology 2016;278:13-32. 
9. Loffroy R, Chevallier O, Moulin M, Favelier S, Genson PY, Pottecher P, Crehange G, 
Cochet A, Cormier L. Current role of multiparametric magnetic resonance imaging for 
prostate cancer. Quant Imaging Med Surg 2015;5:754-64. 
10. Wáng YX, Idée JM, Corot C. Scientific and industrial challenges of developing 
nanoparticle-based theranostics and multiple-modality contrast agents for clinical 
application. Nanoscale 2015;7:16146-50. 
11. Wang YX. Medical imaging in pharmaceutical clinical trials: what radiologists should 
know. Clin Radiol. 2005;60:1051-7. 
12. Choi HS, Frangioni JV. Nanoparticles for biomedical imaging: fundamentals of clinical 
translation. Mol Imaging 2010;9:291-310. 
13.   Deng   M,   Yuan   J,   Chen   WT,   Chan   Q,  Griffith   JF,   Wang  YX.  Evaluation   of 
 
Glycosaminoglycan in the Lumbar Disc Using Chemical Exchange Saturation Transfer MR
14  
 
 
at 3.0 Tesla: Reproducibility and Correlation with Disc Degeneration. Biomed Environ Sci 
 
2016;29:47-55. 
 
14. Deng M, Chen SZ, Yuan J, Chan Q, Zhou J, Wáng YX. Chemical Exchange Saturation 
Transfer (CEST) MR Technique for Liver Imaging at 3.0 Tesla: an Evaluation of Different 
Offset Number and an After-Meal and Over-Night-Fast Comparison. Mol Imaging Biol 
2016;18:274-82 
 
15. Yuan J, Zhang Q, Wang YX, Wei J, Zhou J. Accuracy and uncertainty of asymmetric 
magnetization transfer ratio quantification for amide proton transfer (APT) imaging at 
3T: a Monte Carlo study. Conf Proc IEEE Eng Med Biol Soc 2013;2013:5139-42. 
 
16. Kim J, Wu Y, Guo Y, Zheng H, Sun PZ. A review of optimization and quantification 
techniques for chemical exchange saturation transfer MRI toward sensitive in vivo 
imaging. Contrast Media Mol Imaging 2015;10:163-78. 
17. Chavhan GB, Babyn PS, Singh M, Vidarsson L, Shroff M. MR imaging at 3.0 T in 
children:  technical  differences,  safety  issues,  and  initial  experience.  Radiographics 
2009;29:1451-66. 
 
18. Astrakas LG, Argyropoulou MI. Key concepts in MR spectroscopy and practical 
approaches to gaining biochemical information in children. Pediatr Radiol 2016;46:941- 
51. 
 
19. Wáng YX, Zhang Q, Li X, Chen W, Ahuja A, Yuan J. T1ρ magnetic resonance: basic 
physics principles and applications in knee and intervertebral disc imaging. Quant 
Imaging Med Surg 2015;5:858-885. 
20. Gilani IA, Sepponen R. Quantitative rotating frame relaxometry methods in MRI. 
 
NMR Biomed 2016;29:841-61. 
 
21. Wang YX, Yuan J, Chu ES, Go MY, Huang H, Ahuja AT, Sung JJ, Yu J. T1rho MR imaging 
is sensitive to evaluate liver fibrosis: an experimental study in a rat biliary duct ligation 
model. Radiology 2011;259:712-9. 
22. Zhao F, Wang YX, Yuan J, Deng M, Wong HL, Chu ES, Go MY, Teng GJ, Ahuja AT, Yu J. 
 
MR T1ρ as an imaging biomarker for monitoring liver injury progression and regression:
15  
 
 
an experimental study in rats with carbon tetrachloride intoxication. Eur Radiol 2012; 
 
22:1709-16. 
 
23. Deng M, Zhao F, Yuan J, Ahuja AT, Wang YX. Liver T1ρ MRI measurement in healthy 
human subjects at 3 T: a preliminary study with a two-dimensional fast-field echo 
sequence. Br J Radiol 2012;85:e590-5. 
24. Zhao F, Deng M, Yuan J, Teng GJ, Ahuja AT, Wang YX. Experimental evaluation of 
accelerated T1rho relaxation quantification in human liver using limited spin-lock times. 
Korean J Radiol 2012;13:736-42. 
25. Zhao F, Yuan J, Deng M, Lu PX, Ahuja AT, Wang YX. Further exploration of MRI 
techniques for liver T1rho quantification. Quant Imaging Med Surg. 2014;3:308-15. 
Erratum in: Quant Imaging Med Surg 2014;4:296. 
26. Wang YX, Zhao F, Wong VW, Yuan J, Kwong KM, Chan LY. Liver MR T1rho 
measurement in liver cirrhosis patients: a preliminary study with a 2D fast field echo 
sequence at 3T. Proc. Intl. Soc. Mag. Reson. Med 2012 Melbourne, No. 1289 
27.  Allkemper  T,  Sagmeister  F,  Cicinnati  V,  Beckebaum  S,  Kooijman  H,  Kanthak  C, 
Stehling C, Heindel W. Evaluation of fibrotic liver disease with whole-liver T1ρ MR 
imaging: a feasibility study at 1.5 T. Radiology 2014;271:408-15 
28. Rauscher I, Eiber M, Ganter C, Martirosian P, Safi W, Umgelter A, Rummeny EJ, 
Holzapfel  K.  Evaluation  of  T1ρ  as  a  potential  MR  biomarker  for  liver  cirrhosis: 
comparison of healthy control subjects and patients with liver cirrhosis. Eur J Radiol 
2014;83:900-4. 
 
29. Wang YX, Yuan J. Evaluation of liver fibrosis with T1ρ MR imaging. Quant Imaging 
 
Med Surg 2014; 4:152-5. 
 
30. Takayama Y, Nishie A, Asayama Y, Ushijima Y, Okamoto D, Fujita N, Morita K, Shirabe 
K,  Kotoh  K,  Kubo  Y,  Okuaki  T,  Honda  H.  T1  ρ  Relaxation  of  the  liver:  A  potential 
biomarker of liver function. J Magn Reson Imaging 2015;42:188-95. 
31. Singh A, Reddy D, Haris M, Cai K, Rajender Reddy K, Hariharan H, Reddy R. T1ρ MRI 
 
of healthy and fibrotic human livers at 1.5 T. J Transl Med. 2015;13:292.
16  
 
 
32. Yang Q, Yu T, Yun S, Zhang H, Chen X, Cheng Z, Zhong J, Huang J, Okuaki T, Chan Q, 
Liang B, Guo H. Comparison of multislice breath-hold and 3D respiratory triggered T1 ρ 
imaging of liver in healthy volunteers and liver cirrhosis patients in 3.0 T MRI. J Magn 
Reson Imaging 2016 May 5. doi: 10.1002/jmri.25253 
33. Chen W, Chan Q, Wáng YX. Breathhold black blood quantitative t1rho imaging of 
liver using single shot fast spin echo acquisition. Quant Imaging Med Surg 2016;6:168- 
177. 
 
34. Edelman RR, Chien D, Kim D. Fast selective black blood MR imaging. Radiology 1991; 
 
181: 655-660 
 
35. Kuribayashi H, Tessier JJ, Checkley DR, Wang YX, Hultin L, Waterton JC. Effective 
blood signal suppression using double inversion-recovery and slice reordering for 
multislice fast spin-echo MRI and its application in simultaneous proton density and T2 
weighted imaging. J Magn Reson Imaging 2004;20:881-8. 
36. Yuan J, Zhao F, Griffith JF, Chan Q, Wang YX. Optimized efficient liver T(1ρ) mapping 
 
using limited spin lock times. Phys Med Biol 2012;57:1631-40. 
 
37. Fleiss JL. Reliability of measurement: the design and analysis of clinical experiments. 
New York, NY: John Wiley & Sons; 1986 
38. Friedman SL. Hepatic fibrosis: overview. Toxicology 2008; 254:120–129 
 
39. Sanyal AJ, Friedman SL, McCullough AJ, Dimick-Santos L; American Association for 
the Study of Liver Diseases; United States Food and Drug Administration. Challenges and 
opportunities in drug and biomarker development for nonalcoholic steatohepatitis: 
findings and recommendations from an American Association for the Study of Liver 
Diseases-U.S. Food and Drug Administration Joint Workshop. Hepatology 2015;61:1392- 
405. 
 
40. Wang P, Koyama Y, Liu X, Xu J, Ma HY, Liang S, Kim IH, Brenner DA, Kisseleva T. 
Promising Therapy Candidates for Liver Fibrosis. Front Physiol 2016;7:47. 
41. Park HW, Kim DJ, Cho ZH. Gradient reversal technique and its applications to 
chemical-shift-related NMR imaging. Magn Reson Med 1987;4:526-36.
17  
 
 
42. Jara H, Yu BC, Caruthers SD, Melhem ER, Yucel EK. Voxel sensitivity function 
description of flow-induced signal loss in MR imaging: implications for black-blood MR 
angiography with turbo spin-echo sequences. Magn Reson Med 1999;41:575-90. 
43. Chen W. Errors in quantitative T1rho imaging and the correction methods. Quant 
 
Imaging Med Surg. 2015; 5:583-91. 
 
44. Yuan J, Li Y, Zhao F, Chan Q, Ahuja AT, Wang YX. Quantification of T(1ρ) relaxation by 
 
using rotary echo spin-lock pulses in the presence of B(0) inhomogeneity. Phys Med Biol 
 
2012; 57:5003-16. 
 
45. Li Y, Zhao F, Wang YX, Ahuja AT, Yuan J. Study of magnetization evolution by using 
composite spin-lock pulses for T1ρ imaging. Conf Proc IEEE Eng Med Biol Soc 2012:408- 
11. 
 
46. Liu J, Saloner D. Accelerated MRI with CIRcular Cartesian UnderSampling (CIRCUS): a 
variable  density  Cartesian  sampling  strategy  for  compressed  sensing  and  parallel 
imaging. Quant Imaging Med Surg. 2014;4:57-67. 
47. Zhu Y, Zhang Q, Liu Q, Wang YX, Liu X, Zheng H, Liang D, Yuan J. PANDA-T1ρ: 
Integrating principal component analysis and dictionary learning for fast T1ρ mapping. 
Magn Reson Med 2015;73:263-72. 
48. van Oorschot JW, Visser F, Eikendal AL, Vonken EP, Luijten PR, Chamuleau SA, Leiner 
T, Zwanenburg JJ. Single Breath-Hold T1ρ-Mapping of the Heart for Endogenous 
Assessment of Myocardial Fibrosis. Invest Radiol 2016;51:505-512
18  
 
 
Fig legends. 
 
 
 
Fig 1.  Typical T1rho MR Images of two healthy subjects (A, B) at the four spin lock time 
and T1rho maps with or without R2 (>0.80) evaluation. 
 
 
 
 
 
Fig 2. A comparison of T1rho map image quality (A) and artifacts (B) of black blood single 
shot  fast  spin  echo  acquisition  (references  33)  vs.  bright  blood  multi-breath  hold 
gradient echo acquisition (references 23, 24) 
 
 
 
Fig 3. Bland-Altman Plots of liver parenchyma scan-rescan repeatability in the same 
session (A), and scan-rescan reproducibility when the examinations were performed 
with 7-10 days’ interval (B). 
 
 
 
Fig 4. Liver parenchyma T1ho value vs. erector spinae muscle T1ho value of individual 
volunteers. No significant association was found.
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Table 1, Liver parenchyma T1rho value (millisecond) in healthy volunteers. 
 
 
 
Case no. scan_1.1 scan_1.2 scan_2.1 scan_2.2 scan_3.1 scan_3.2 
1 44.2 44.1 44.6    
2 40.9 40.2     
3 39.9 39.6 43.5    
4 42.2 41.5     
5 40.2 39.8 36.9 36.9   
6 37.4 37.3     
7 36.2 36.5     
8 40.9 41.5     
9 39.8 38.9     
10 40.2  40.7  42.9 42.9 
11 38.1  38.3  38.5  
12 42.8  43.9    
13 37.5  36.4    
14 40.2  41.5    
15 41.2  41    
16 40.6  39.8    
17 43.9  43.3  43.2  
18 37.1  36.9  37.4  
19 36.1 36.4     
 
 
 
Note: Scan 1.1 vs. scan 1.2 comparison means scan re-rescan where two scans were 
conducted in the same secession and the subjects did not move in positioning, but 
sampled slice would be different. Scan 1.1 vs. scan 2.1 means scan re-rescan where two 
scans were conducted in two secessions with an interval of 7-10 days apart.
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